Aggressive behaviour can ensure animal access to local resources. To reduce constant costs in the defence of territories, species could save energy with conflicts avoiding aggression with neighbour or in situations with abundance of resources. In the present study, we analysed the effect of distance among colonies and resource availability on the aggression level and responses to chemical cues of Nasutitermes aff. coxipoensis (Holmgren) (Termitidae: Nasutitermitinae). Manipulation of resource offer was conducted in the field, where nests with different distances were kept without addition of baits (control), with addition of three or 16 sugarcane baits/nest. After 3 months, aggressiveness, linear and Y-shaped trail-following bioassays were carried out with all pairwise combinations of colonies in each treatment. Our results showed that aggressive index of N. aff. coxipoensis was affected by the resource availability. However, individuals from colonies with 0 and 3 baits/nest showed a higher number of fighting with neighbours than those from non-neighbours colonies. Termite workers from colonies without baits (control) followed shorter distance in the linear trails compared to those from colonies with addition of baits. In all treatments, there was no preference of workers in relation to the choice of chemical cues from own or other colonies. The response of intercolonial aggressiveness in N. aff. coxipoensis seems to be resource-dependent. These results may contribute to the comprehension of the use of space by N. aff. coxipoensis and could be useful to explain patterns of termite cooccurrence at different spatial scales, from local (inside the nest-e.g. cohabitation of nests by inquilines) to regional (e.g. around the nest).
Introduction
The protection of resources (e.g. food, mates and territories) is ubiquitous behaviour among animals and a fundamental predictor of fitness. This protection occurs via aggressive behaviours (specialised aggressive displays or physical attacks), which determine the access to resources. Intra-and interspecific aggressive behaviours may interfere in the dynamics of populations and the structure of communities, determining patterns of spatial distribution of individuals and species (Brown 1964 , Both & Visser 2003 . The defence of territories through aggressive behaviours is displayed in a range of taxa, such as mammals (Broadbooks 1970 , SchulteHostedde & Millar 2002 , fishes (Triefenbach & Zakon 2008 , Lehtonen et al 2010 , birds (Stoddard et al 1990 , Temeles 1994 and insects (Heinze et al 1996 , Nagamitsu & Inoue 1996 , Tanner & Adler 2009 . Although aggressiveness confers the protection of resources (Alcock 2011 ) allowing greater fitness, this behaviour involves energy expenditure (Viera et al 2011) . Thus, animals tend to adopt strategies to balance the costs and benefits involved in display this behaviour (Both & Visser 2003) . Among these strategies, the reduction of aggression towards individuals from neighbouring compared to those from distant territories ("Dear Enemy Hypothesis", Fisher 1954 ) has been observed in several organisms (Heinze et al 1996 , Rosell & Bjørkøyli 2002 . This reduction in aggressiveness can be determined by the increase in the frequency of encounters and consequent habituation among neighbours, which allows them to save energy with constant conflicts (Ydenberg et al 1988 , Heinze et al 1996 , Dimarco et al 2010 . Such behaviour often occurs in animals that forage around the nests, as observed in some social organisms.
In eusocial insects (bees, ants, termites and wasps), the ability to recognise nestmates allows the maintenance of cohesion and integrity of the group (Holldobler & Michener 1980 ) Thus, such colonies can defend their nests against possible invaders, as well as their foraging territories (Levings & Adams 1984) . However, studies about territoriality in termites have been shown incongruent results. Termite species may both be more aggressive with neighbouring (Dunn & Messier 1999 -"Nasty Neighbours Hypothesis") than with distant colonies (Kaib et al 2002-"Dear Enemy Hypothesis") . Several factors may determine such distinct responses, for example: the variation in aggressiveness among species or individuals from social groups, the type of stranger, social circumstances and ecological factors (see Christensen & Radford 2018, for review) . Recent studies have shown, for example, that resource offer may explain the use of habitat by different termite species (Araújo et al 2017) , as well as the modulation of foraging efforts, acceptance to chemical cues and levels of intercolonial aggressiveness for the termite Nasutitermes aff. coxipoensis (Holmgren) (Termitidae: Nasutitermitinae) Cristaldo et al 2016) . Although some studies have shown that termites can exhibit territorial behaviour (Levings & Adams 1984 , Adams & Levings 1987 , Leponce et al 1997 , the effect of distance among colonies and resource availability is still poorly studied.
Termite species present different nesting and foraging habits, including distinct levels of separation between nest and food (Abe 1987) . The different species can also forage in tunnels ("belowground"), galleries ("aboveground") and/or through exposed columns on soil surface ("open air") . Aggressive behaviours to protect the territories could be more evident in central-place species that forage in the open air. Nasutitermes aff. coxipoensis is a species widely distributed in the Neotropical region. Colonies of this species forage through trails which are converted into galleries when resource is found, which minimises their foraging costs .
As in other social insects, foraging and territory defence in termites are mediated by chemical signals (Traniello & Robson 1995) . Although these signals emit information to nestmates, they are often exploited by neighbouring colonies 
Material and Methods

Ethics Statements
The permit for termite sampling was provided by ICMBio/ IBAMA (no. 47652-1). No specific permits were required for the described laboratory studies, which have been carried out using a species that is neither endangered nor protected.
Study Site
The manipulation of resource availability was conducted using nests of N. aff. coxipoensis at Santa Isabel Biological Reserve (10°43'29.2"S, 36°50'24.9"W), in the municipality of Pirambu, state of Sergipe, Brazil, (Fig 1) during August to November 2017. The regional vegetation consists of grasslands (grasses and sedges) and post-beach, sandbank, palm trees, wetlands and marshes. The site of sample consists of grasslands, with homogeneous coverage in all its extension.
The climate is characterised as humid megathermal and sub-humid, with average annual temperature around 26°C and average annual rainfall of 1400 mm (Nimer 1972) , presenting dry (October-March) and rainy seasons (AprilSeptember) well defined (Pereira et al 2011) .
Food Resource Manipulation in Field
The food resource availability was manipulated in three sites (equidistant for at least 500 m), in which eight active nests of N. aff. coxipoensis were selected, totalizing 24 nests. All selected nests were similar in volume. The distance among nests varied from 3 to 190 m. At each site, one of the treatments was established: (i) no addition of sugarcane baits around the nests (control), (ii) addition of three sugarcane baits around the nests or (iii) addition of 16 sugarcane baits around the nests. The sugarcane baits (15 cm × 2 cm radius) were arranged surrounding the selected nests. The treatments were kept in the field for 3 months, replacing the baits weekly. The sugarcanes used were fresh (cut recently) and we used always the same variety of sugarcane.
After 3 months, only five nests were alive in the treatment with 16 baits. The nests were removed from the field and taken to the Laboratory of Ecological Interactions of the Federal University of Sergipe, São Cristóvão, Sergipe, where the behavioural bioassays were performed. Specimens were identified by comparison with samples from the Laboratory of Ecological Interactions, where voucher specimens are deposited. Specimens present at Laboratory of Ecological Interactions (UFS) were previously identified by the Termitology Laboratory at the University of Brasilia (#UnB-10616, 10617, 10619, 10620 and 10621).
Aggression and Survival Bioassays
Aggression bioassays were performed for all pairwise combinations of colonies (with different distances) within of each treatment established in the field (resource availability). For this, 10 individuals (four workers and one soldier/colony) were placed at the same time on the opposite side of the Petri dish (7 × 1.5 cm) covered with filter paper. The number and caste ratio (soldiers:workers) of termite groups used in the bioassays were chosen according to natural caste proportions. For each intercolonial pairwise combination, three repetitions were conducted, totalizing 261 Petri dishes. The individuals of each colony were previously marked in the pronotun region with a mixture of gouache and glue (white or black) (Marins et al 2017) , in order to discriminate intercolonial behaviours.
The Petri dishes with pairwise individuals were videorecorded during 2 min/dishes. After the aggression bioassays, Petri dishes were maintained in B.O.D. incubator (26°C and darkness) to record the termite survival. The number of dead individuals was quantified at 2-h intervals until all individuals were dead.
Videos from aggressive bioassays were analysed for quantification of intercolonial interactions among all individuals in the Petri dishes, considering positive behaviours (trophallaxis, antennation and allogrooming), negative (biting and fighting) and vibration (alert). Intracolonial behaviours were not evaluated. The counting of the numbers of behaviours was performed at intervals of 15 s, by two observers simultaneously. Then, the intercolonial aggressive index (AI) was calculated considering the number of negative behaviours/ total number of behaviours.
Response to Chemical Cues: Acceptance and Choice of Intercolonial Cues
Linear and Y-shaped trail-following bioassays were conducted to test the acceptance and choice of intercolonial cues for all pairwise combinations of colonies (with different distances) within each treatment established in the field (resource availability). For this, whole body extracts were prepared for each colony by immersion of 50 freeze-killed workers in hexane (10 μL/worker) for 24 h. After 24 h, the final volume of concentrated extract was quantified, and more hexane was added until the volume of 500 μL.
The acceptance of intercolonial cues was tested through linear bioassays on filter paper (see details in Cristaldo et al 2014 Cristaldo et al , 2016 . Hamilton ® micro-syringe (10 μL) was used to form trails on the filter paper. Each trail had 10 cm, the first 6 cm of the trail consisting of the odour from the colony of the tested individual ("own cues"), and from 5 cm with the odour of another colony ("neighbouring cues"). In this way, there was an overlap of the two odours (1 cm) in the central part of the trail. The control consists of individual following trails (10 cm) with cues of their own colony. Ten repetitions were performed for each combination of colonies, considering the nests within each treatment established in the field, totalizing 1530 trails.
The choice of intercolonial cues was tested through Yshaped trail-following bioassays (see details in Cristaldo et al 2014 Cristaldo et al , 2016 , which consisted of a 3-cm path with two arms of 7 cm each, forming an angle of 120°between them. Each arm was formed by the odour of the tested colony or odour of another colony. The choice of tested individual between these signals was noted. Ten repetitions were performed for each combination of colonies, totalizing 1320 trails.
Statistical Analyses
Data were analysed in R software using linear generalised models (GLM) (R Development Core Team 2016), followed by residual analyses to check the suitability of the model and the error distribution. Model simplification, when necessary, was conducted by extracting explanatory terms from the initial model and evaluating the subsequent change in deviance. Contrast analyses were performed to check the differences in the variations among different treatment levels (Crawley 2012) .
To check whether the intercolonial behaviours (y-axis) are affected by the "distance of colonies" (x-axis 1 ) and "resource availability" (x-axis 2 ), data were submitted to linear regression under Normal error distribution. Similar analyses were performed to check the effect of these variables ("distance of colonies" and "resource availability") in the mean time to death after aggressive encounters (y-axis). The mean time to death was previously calculated by survival analyses under Weibull distribution using "survival" package.
Data from linear bioassays were submitted to linear regression under normal error distribution to test whether distance followed by individuals in the trails (y-axis) was affected by the effect of the distance of colonies (x-axis 1 ), resource availability (x-axis 2 ) and origin of cues (own cues x neighbouring cues) (x-axis 3 ). Similar model was performed to test the choice of intercolonial cues, however, under Binomial error distribution. The response variable was considered the proportion of choice of cues from another colony/total of choices.
Results
Aggression and Survival × Distance Among Colonies and Resource Availability
The intercolonial aggressive index (AI) was not significantly affected by the distance among colonies (F 1,63 = 0.25, P = 0.61), but was significantly influenced by resource availability (F 2,61 = 6.52, P = 0.002) (Fig 2A) . Colonies from control treatment (0 baits) and those maintained with three baits/nest did not differ among them (P = 0.27) and presented higher AI compared to colonies with 16 baits/nest (P < 0.001, Fig 2A) .
Regarding positive behaviours (trophallaxis, antennation and allogrooming), the number of antennation was significantly affected only by resource availability (Table 1) . Individuals did not perform trophallaxis and allogrooming behaviours. Similarly, the number of biting was significantly affected only by resource availability (Table 1) . However, the number of fighting was significantly affected by resource availability and distance among colonies (Table 1) ; individuals from colonies with 0 and 3 baits/nest showed a higher number of fighting with neighbours than those from non-neighbours' colonies. Vibration was not significantly affected neither by distance among colonies nor resource availability (Table 1) .
The mean time to death after aggressive encounters was not affected by distance among colonies (Deviance = 1.39, d.f. = 66, P = 0.23), however, was significantly affected by resource availability (Deviance = 9.32, d.f. = 64, P = 0.009). Colonies without baits (control) presented shorter time to death compared with colonies with 3 and 16 baits/nest (Deviance = 8.67, d.f. = 66, P = 0.003 (Fig 2B) .
Response to Chemical Cues × Distance among Colonies and Resource Availability
Trail distance followed was not significantly affected by distance among colonies (F 1,151 = 0.03, P < 0.85) and by the origin of cues ("own cues" vs. "neighbour cues") (F 1,148 = 0.64, P = 0.42), however, was significantly affected by resource availability (F 2,149 = 30.17, P < 0.001) (Fig 3) . Control colonies followed less distance in the trails compared with colonies with 3 and 16 baits/nests (Fig 3) .
For Y-shaped bioassays, the proportion of choices was not significantly affected by distance among colonies (X 2 = 0.01, d.f. = 131, P = 0.88) and by resource availability (X 2 = 1.48, d.f. = 131, P = 0.47).
Discussion
Our results demonstrated that intercolonial aggressiveness and the response to chemical cues in N. aff. coxiepoensis colonies are modulated, mainly by resource availability (Figs 2 and 3) . However, the most expensive level of aggression (i.e. number of fighting) was higher between individuals of neighbouring colonies compared to those from distant ones, being such pattern intensified in colonies with 0 and 3 baits/nest. In general, our results indicate that resource availability is a key factor in the response of intercolonial aggressiveness and the acceptance of chemical cues in termites; and that in situations of scarcity of resources, termites seem to defend their territories more intensely compared with situations of abundance of resources.
Individuals from N. aff. coxipoensis showed a higher aggressive with neighbours than those from non-neighbour colonies ("Nasty Neighbours Hypothesis"). Temeles (1994) suggests that "nasty neighbour" may be more common in organisms that territory defence is focused in a single purpose, such as in defence of food or the nest. In fact, termites seem to follow this rule, since they forage around the nests and have a limited living area (Abe 1987) . For these organisms, protection against neighbours may be greater due the risk imposed by them (i.e. neighbours would represent potential competitors for resources and consequently a greater n.s. = not significant; *P < 0.05; **P < 0.01.
Fig 3 Effect of resource availability (baits/nest) in mean trail distance followed by Nasutitermes aff. coxipoensis individuals in linear bioassays with whole worker body extracts. Different letters indicate significant differences among treatment (P < 0.05). threat) (Gordon 1989) . Such pattern seems to be prevalent in social insects (Muller & Manser 2007 , Newey et al 2010 , including ants (Oecophylla smaragdina-Newey et al 2010;
Pristomyrmex pungens -Sanada-Morimura et al 2003) and termites (Nasutitermes corniger- Dunn & Messier 1999) . In the present study, the higher aggressiveness observed in colonies with 0 and 3 baits/nest ("low resource availability") reinforces this idea (Fig 2A) . On the other hand, the opposite behaviour (reducing aggression with neighbours -"Dear Enemy Hypothesis") may be more evident in organisms that the defence of territory has multiple purposes (e.g. sexual pattern, mating sites, among others), since for these organisms the individuals from distant territories would represent a higher risk (Temeles 1994) . Our results strongly indicate that resource availability is a key factor in the response of aggressive behaviour in termite species. Therefore, we hypothesised that resource availability per se could explain the divergent patterns already observed in the aggressive response among termite colonies with different spatial distances (Nasty Neighbours x Dear Enemy). That is, the occurrence of "nasty neighbours" or "dear enemy" effect depends of resource availability in the environment: in situations of low resource availability, neighbours may represent a higher threat; however, in extreme abundance of resources the opposite is expected.
Other studies with termites support our results and have shown evidence of the effect of resource availability in the response of intercolonial aggression (e.g. Adams & Levings 1987) and also in the exposure to foraging risks (Korb and Linsenmair 2002) . The aggressive response in the function of the resource availability can have effects at the population and community levels, influencing the distribution of colonies (see Lepage & Darlington 2000) as well as the overlapping of foraging areas by different species (Araújo et al 2017) . In natural situations of resource scarcity, but that still providing energy for defence, termite colonies could guarantee access to the minimum amount of resources for their maintenance; and therefore, more hostile behaviours (e.g. fighting) could be more intense between individuals of neighbouring colonies than those from distant colonies. Araújo et al (2017) demonstrated that in situations with intermediate resource availability, colonies from different termite species could non-overlaping their foraging areas compared to sites with low resource offer, either to avoid direct conflicts or simply due the reduction of their foraging area. In fact, showed that in low resource availability, colonies of N. aff. coxipoensis intensify the searching for resources, expanding their foraging efforts. This behaviour could result in higher rates of intercolonial encounters and conflicts, altering the distribution of colonies in the field. Here we observe that the mortality rate of individuals after aggressive encounters was affected not only by the greater aggressiveness per se, but also by the starvation of individuals. Although colonies with 0 and 3 baits showed the same level of aggression (Fig 2A) , colonies with 0 bait died faster (Fig 2B) . In natural situations with scarcity of resource, such mortality seems to be compensated by a higher allocation of energy from the colonies to the production of new individuals, as already observed for N. aff coxipensis .
The resource availability also affected the distance followed by workers in the artificial trails (Fig 3) . The shorter distances followed by workers from colonies with 0 bait/nest may reflect the low quality of chemical cues from these colonies compared with colonies reared with 3 and 16 baits/ nest. Social insects may use chemical cues from other individuals or species to access habitat quality. This ability may be particularly important for colonies under low resource availability since they could make a faster and more accurate evaluation during foraging . Nasutitermes aff. coxipoensis, for example, can recognise and follow the chemical cues from neighbouring colonies; however, they usually choose chemical cues from individuals of colonies reared under greater resources availability .
In summary, our results showed the importance of the resource availability in the response of intercolonial aggression in termites. We hypothesise that extreme levels of resource availability (low and high) can generate different patterns of intercolonial aggression among termite colonies with different spatial distances. This mechanism could be useful to explain patterns of termite co-occurrence at different spatial scales, from local (inside the nest-e.g. cohabitation of nests by inquilines) to regional (e.g. around the nest).
